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The effects of the mycotoxin patulin on the thermodynamics and kinetics of the transition of bovine serum 
albumin (BSA) in aqueous solution were studied by Differential Scanning Calorimetry and Photo-
luminescence methods. Results show that in the presence of patulin, the free enthalpy change during the 
transition of BSA was decreased by an average of ~ 46 kJ/mol, the free energy change was decreased by 
~ 4 kJ/mol, and the activation energy fell from ~ 1546 to ~ 840 kJ/mol. These results indicate that the 
bioactivity of patulin is based on the kinetic rather than on the thermodynamic properties of the transition. 
This is the first evidence of the direct interaction of patulin with the free thiol-containing BSA, a process 
which could contribute to the adverse cyto- and genotoxic effects induced by patulin.
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INTRODUCTION

The mycotoxin patulin (PAT; 4-hydroxy-4H-furo[3,2c]pyran-2(6H)-one), an α,β-
unsaturated γ-lactone, is a secondary metabolite produced by certain species of 
Aspergillus, Penicillium and Byssochlamys [5]. It frequently occurs in fruits, and 
especially in apple juice. PAT has multiple effects because of its toxicity for all living 
cells. It has proved to be teratogenic, cytotoxic, clastogenic, genotoxic and muta-
genic in animal cells [2, 6, 10, 22, 23, 24]. There is considerable interest in finding a 
safe and efficient detoxification process [22], and therefore, it is important to know 
exactly how PAT affects cells.

PAT is believed to exert its chromosome-damaging and possibly carcinogenic 
activity mainly by covalent binding to cellular nucleophiles, and in particular to the 
thiol groups of proteins and glutathione. Theoretically, all proteins can be targeted by 
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PAT [6], but there is no direct evidence of the damaging effect of PAT on the protein 
function.

Bovine serum albumin (BSA) is a globular protein with a molecular weight of 
66,267 Da. Its amino acid sequence consists of 582 residues, with 17 disulfide bridg-
es. 17% of the amino acid groups are basic or acidic and 28% are polar. There is only 
one free thiol group, at cysteine-34, and two tryptophan residues [7, 8, 16, 21]. The 
secondary structure of BSA displays 67% α-helix, with no traces of β-sheets. The 
33% of BSA is composed of coils and extended polypeptide chains. The tertiary 
structure of BSA is organized into nine loops that repeat in a triplet fashion with a 
pattern of large–small-large loops. The loops make up three homologous domains 
(three loops in each) [7, 21].

BSA is favored as a model for the study of the ligand-binding properties of globu-
lar proteins, which comprise approximately 50% of the total amount of plasma pro-
teins. Its concentration in the serum can reach 50 mg/ml, accounting for 60% of the 
total protein. Its functions are not well understood but it plays important roles in the 
maintenance of blood oncotic pressure and pH, and in the transportation and binding 
of physiologically important ligands, and it also serves as an important antioxidant by 
virtue of its metal-binding ability [3]. 

In this work, the effects of PAT on the thermodynamics of the denaturation of BSA 
were studied. Microcalorimetry and phospholuminescence (PL) measurements were 
applied to determine the thermodynamic and kinetic parameters of the PAT–BSA 
interactions and associated processes.

MATERIALS AND METHODS

Chemicals

PAT and BSA were from Sigma-Aldrich Ltd., while acetonitrile was from Multisolvent. 
All other chemicals were commercial products of analytical grade.

Sample preparation

For measurements, a stock solution of PAT (405.5 mM) was prepared in acetonitrile 
according to Murillo et al. [17]. Solutions of 500 μM BSA with or without 500 μM 
PAT were prepared by dissolution in Sörensen buffer of pH = 7.4 at 25 °C (40.5 ml 
solution A: 2 × 10–1 M Na2HPO4 × 7H2O (53.65 g/l in distilled water) and 9.5 ml solu-
tion B: 2 × 10–1 M NaH2PO4 × 2H2O (31.21 g/l in distilled water) for 50 ml buffer). 
For the PL studies, the concentration of PAT was kept below 100 mg/ml in order to 
avoid the formation of complexes with higher stoichiometry than 1 : 1.



Effect of patulin on the BSA unfolding 391

Acta Biologica Hungarica 63, 2012

Experimental details

Thermal analysis was performed with a CSC 6100 Nano II Differential Scanning 
Microcalorimeter (Calorimetry Sciences Corp., Salt Lake City, UT) equipped with a 
capillary cell. Data were evaluated with MicroCal software (Calorimetry Sci. Corp.). 
Prior to analysis, all samples were degassed under vacuum for approximately 20 min 
with continuous stirring at 293 K.

The analytical concentrations of BSA and PAT were set to 32.8 mg/ml and 1.23 
mg/ml, respectively. Degassed buffer as reference and the degassed sample were 
loaded into the appropriate (sample and reference) capillary cells (volume=0.299 ml), 
respectively.

Samples were scanned at 0.5–2 K/min between 293 K and 351 K under a pressure 
of 3 × 105 Pa. The data were evaluated in the customary way: The transition tempera-
tures (Tm) were determined from the first derivatives of the thermograms, while the 
enthalpies (ΔHcal) associated with the transitions were determined by calculating the 
area under the thermal transition after subtraction of the blank and fitting the baseline 
by using a three-point baseline correction. The scans of the buffer solutions were 
subtracted from the thermograms prior to the enthalpy calculations. The entropy 
change was determined as ΔH/Tm.

An approximate molecular weight of 66,267 Da was used for BSA in the evalua-
tion of the thermal parameters. The dependence of the thermal transition on the scan 
rate was determined by scanning samples at 0.5 K/min, 1 K/min, 1.5 K/min and  
2 K/min.

The activation energies and the Arrhenian pre-exponential factors were calculated 
by the Kissinger method [11], where the slope and the intercept of a plot of 

vs 1/Tmax give Ea/R and A/Ea, respectively:

The interactions of PAT with BSA were investigated in detail by means of 
Photoluminescence (PL) measurements. Fluorolog 3 spectrofluorometric system 
(Jobin-Yvon/SPEX) was used to determine the thermodynamic parameters of interac-
tion of BSA with Patulin. Aromatic amino acid residues of BSA have been used to 
detect the molecular interaction according to our previous results [14]. Accordingly, 
290 nm excitation wavelength have been used and the fluorescence of the aromatic 
amino acids was detected at 325 nm. For data collection a photon counting method 
with 0.2 s integration time was used. Excitation and emission bandwidths were set to 
1 nm. One mm layer thickness of the fluorescent probes with front face detection was 
used to eliminate the inner filter effect. 

The Benesi–Hildebrand method [1] was used to determine the stability constants 
of the BSA–PAT complexes. Details published recently for interactions of phenols 
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with cavitand derivatives [15]. This method was also applied successfully in our ear-
lier work to investigate the primycin–oleic acid interactions corresponding to the 
action of primycin on lipid membranes [26]. In the sense of the Benesi–Hildebrand 
equation, if the complex formed possesses 1 : 1 stoichiometry, the data points of a plot 
of the reciprocal PL change against the reciprocal concentration of one of the reac-
tants should lie on a straight line. Hence, through, linear fitting of these data points, 
the equilibrium constant can be determined via the following equation:

 (2)

where [p] and [a] are the actual analytical concentrations of BSA and PAT, respec-
tively. I is the intensity of the sample containing both reactants, and I0 is the PL 
intensity of BSA solution in the absence of PAT.

The temperature dependence of the equilibrium constant was applied to determine 
the enthalpy and entropy changes of the association reaction through use of the van’t 
Hoff theory, the logarithm of the equilibrium constant being plotted against reciprocal 
temperature:

 (3)

The enthalpy change can be determined from the slope, and the entropy change from 
the intercept of the straight line fitted to the experimental data.

RESULTS AND DISCUSSION

Thermodynamic properties

Figure 1 shows the representative DSC curves of 500 μM BSA in the absence and in 
the presence of 500 μM PAT using 0.5 K/min scanning rate. The significant effect of 
PAT obtained has been used to determine the activation energies of the association 
reaction. The scan rate-dependences of the enthalpy change (ΔH), the entropy change 
(ΔS), the transition temperature (Tm) and the free energy change (ΔG) of 500 μM 
solution of BSA and of a mixture of 500 μM BSA and 500 μM PAT are reported in 
Table 1. Only one, well-defined denaturation peak was observed in all curves while 
scanning rates of 2, 1.5, 1 and 0.5 K/min have been applied. The presence of PAT 
does not change significantly the Tm value of the BSA, however, increased 
dependence of the Tm values on the scanning rate have been obtained in the pres-
ence of PAT.

The results in Table 1 reveal an average enthalpy change of –540 kJ/mol, associ-
ated with a very high negative entropy change of ~ 1600 J/K · mol. This highlights the 
more ordered structure of folded BSA than that of the unfolded state. The presence of 

1 1 1 1 1

0I I a p K a

 


 

 
 

ln K H
R T

S
R

  
 1



Effect of patulin on the BSA unfolding 393

Acta Biologica Hungarica 63, 2012

PAT did not affect the enthalpy and entropy changes of the unfolding reaction sig-
nificantly.

Fig. 1. Representative DSC curves of 500 μM BSA in the presence and absence of 500 μM PAT

Table 1
Scan rate-dependence of transition temperature (Tm) and the related enthalpy change (ΔH),  

entropy change (ΔS) and free energy change (ΔG) at 298.15 K

500 μM BSA
Scan rate

2 K/min 1 K/min 0.5 K/min

ΔH (kJ/mol) –556.61 –528.15 –523.96

ΔS (J/(Kmol)) –1680 –1590 –1580

Tm (K) 331.95 331.45 331.15

ΔG (kJ/mol) –56.25 –52.75 –52.30

500 μM BSA + 500 μM PAT
Scan rate

2 K/min 1 K/min 0.5 K/min

ΔH (kJ/mol) –498.65 –490.48 –486.72

ΔS (kJ/(Kmol)) –1510 –1480 –1473

Tm (K) 332.45 331.75 330.95

ΔG (kJ/mol) –48.23 –50.02 –47.50

Samples of BSA and BSA + PAT were investigated.
There are significant differences in all scanning rates of BSA compared to 500 μM 

BSA+500 μM PAT samples at the p<0.05 level.
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Kinetic properties of unfolding

Figure 2 depicts the Kissinger plots of the thermodynamic parameters observed dur-
ing the unfolding of BSA in the absence and in the presence of PAT. It is clearly seen 
that the presence of PAT leads to a significant decrease in the slope of the plot relative 
to that for BSA alone, indicating that the presence of PAT promotes the thermal dena-
turation of BSA.

Table 2 presents the activation energies of BSA unfolding in the absence and in the 
presence of PAT. The activation energy is observed to decrease significantly in the 
presence of PAT, indicating that the kinetic properties of the unfolding reaction of 
BSA are strongly affected by PAT.

Fig. 2. Kissinger’s plots of the kinetic parameters of a sample containing BSA (dashed line) and samples 
containing BSA + PAT (solid lines). v is the scan rate in K/min and Tm is the transition temperature in K

Table 2
Activation energies associated with the unfolding of BSA in the absence  

and in the presence of mycotoxin PAT

Activation energy (kJ/Kmol) R2

500 μM BSA 1546±13 0.990

500 μM BSA + 500 μM PAT 840±7 0.999

The activation energies (Ea, kJ/mol) are calculated from the slopes of the plots in Figure 2.
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Association thermodynamics of PAT with BSA

In order to get insight into the action of PAT on BSA at a molecular level, the asso-
ciation of PAT with BSA was investigated by PL spectroscopy, using the PL proper-
ties of aromatic amino acids. These investigations were based on the results of Fliege 
and Metzler [6] relating to the role of PAT in intermolecular protein-protein crosslink 
formation. Results presented in that work [6] demonstrated that up to three BSA mol-
ecules can react with one molecule of PAT, creating intra- and intermolecular 
crosslinks with cysteine, lysine and histidine residues and also with α-amino groups. 
In consequence of the effects of PAT on amino groups in amino acids containing 
aromatic moieties, and especially tyrosine [23], the interactions of PAT with BSA 
affect the PL signals of the aromatic residues.

Figure 3 depicts the Benesi-Hildebrandt plot of the concentration dependence of 
the changes observed in the PL intensity of BSA in the presence of PAT. The recipro-
cal of the change in PL intensity may be observed to depend linearly on the reciprocal 
of the concentration of PAT. This result indicates the 1 : 1 stoichiometry of the BSA–
PAT complexes in this range of concentration. Furthermore, the stability constants 
determined from the Benesi-Hildebrandt plot are lower at higher temperature. From 
a plot of ln K against reciprocal temperature (Fig. 3, inset), the thermodynamic 

Fig. 3. Benesi-Hildebrand plot of the interaction of PAT with BSA. Inset: van’t Hoff plot of the stability 
constants determined with the Benesi-Hildebrand method. The results indicate the 1 : 1 stoichiometry of 

the BSA–PAT complexes within the applied concentration range
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parameters of the association of BSA with PAT can be determined. This method 
assumes that the changes in reaction enthalpy and entropy do not depend on tem-
perature, especially in the given temperature range. The van’t Hoff plot of the stabil-
ity constant yields enthalpy and entropy changes of H = –51 kJ/mol and S = –123 
J/K · mol, respectively. Considering the related pioneering works of Privalov et al. 
[18–20] the  thermodynamic parameters derived by our study suggest the following 
role of PAT in the conformational transition of BSA. At low temperature, PAT mol-
ecules interact with the BSA molecule, a process associated with a considerable 
reduction in entropy, probably due to the local change induced in the conformation of 
BSA. This change in conformation preorganizes the BSA molecule towards its 
unfolding. In this way, the free enthalpy change of the BSA–PAT interaction partly 
covers the activation energy of BSA unfolding. At an elevated temperature, however, 
the free enthalpy of the BSA–PAT interaction is decreased due to the negative entro-
py change of the molecular association. The free enthalpy change around the melting 
temperature of BSA was found to be ~ 10 kJ/mol. Since the kinetic energy of the 
particle at this temperature is ~ 5 kJ/mol, increased dissociation of the BSA–PAT 
complexes can be assumed. This process is also affected by the solvation shells of the 
species interacting [12, 13]; in particular the hydrophobic effect promotes the asso-
ciation of the molecules. Thus, preorganization is enhanced by the interactions of the 
BSA with PAT, but elevated temperature results in dissociation. Overall, this reaction 
mechanism opens up new reaction channels with lower activation energy and there-
fore facilitates the rapid unfolding of BSA in the presence of PAT. These results fur-
nish the first evidence of direct interaction between PAT and the free thiol group of 
BSA, thereby offering an explanation of the multiple effects of PAT on all types of 
examined cells. The recently reported PAT-induced fluidization of the plasma mem-
brane and the resulting loss of plasma membrane barrier functions can also be inter-
preted in terms of this interaction [9]: modification of the steric structure of struc-
tural and enzyme proteins in the plasma membrane by PAT may induce reorganiza-
tion processes among the protein and membrane components (e.g. sterols and phos-
pholipids) and alterations in the specific activities of enzymes, leading to loss of the 
barrier function [9] and the modification of metabolic processes [3].

In this study, the unfolding of BSA was investigated in the absence and in the pres-
ence of the mycotoxin PAT. PAT was found to give rise to a considerable enhance-
ment of the thermal denaturation of BSA by decreasing the activation energy of BSA 
conformational transformation. It opens up a new, very quick reaction pathway with-
out any significant effect on the product, probably by binding the PAT molecules to 
the free SH group in cysteine-34 of the protein molecules. This process generates 
intermolecular crosslinking, which means that PAT could also shift the protein 
unfolding balance towards the aggregation process in the natural environment for a 
wide range of proteins. In the event of permanent PAT ingestion, both the absence of 
correctly functioning proteins and the cellular toxicity of missfolded aggregates may 
cause problems [4]. Because of the significant reaction acceleration, repair and 
defense mechanisms may not have sufficient time to protect the cells from damage.
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